Abstract
INTRODUCTION

29
Many important soil processes, such as changes in pH induced by plant roots, or the fate and 30 effects of fertilizers, depend on the reactions of acids and bases with the soil and the possibility of 31 CaCO 3 precipitation. Plants roots often modify the pH of the soil around them to the extent that 32 the pH at the root surface differs from that a few mm away by 1-2 units (Nye, 1981; Hinsinger, 33 2003; Neumann and Römheld, 2012) . For example, a root rapidly absorbing nitrate will take up 34 an excess of anions over cations and release bicarbonate into the soil to maintain charge balance 35 across the root-soil boundary. The resulting increase in soil pH may be sufficient to cause CaCO 3 36 precipitation on and near root surfaces, with important consequences for the access of nutrients 37 and contaminants to the root. Likewise there are often large pH gradients near fertilizers in soils. 38 For example the pH in the region of urea fertilizer may be 1-2 units higher than in the nearby 39 soil, resulting in losses of nitrogen by NH 3 volatilization (Rachhpal-Singh and Nye, 1986; Kirk 40 and Nye, 1991) . If CaCO 3 precipitates in the zone of pH increase, this will curb the pH rise and 41 thereby reduce the losses of NH 3 . There is currently particular interest in exploiting microbially- Whitmore et al., 2014) . 48 In all these examples the sources of the reactants forming CaCO 3 are localised, and the rate of 49 precipitation and spread of the precipitation zone depend on the rates of transport of the reactants 50 into or out of the zone, as well as the precipitation kinetics at the nucleation sites per se. To 51 model this system, so as to predict rates of precipitation and the dispersion of the precipitate 52 through the soil or other media, it is therefore necessary to allow for both transport and 53 precipitation kinetics. However, most work to date has been done with well-mixed systems 54 without taking account of transport limitations. We know of no simple models that allow for both 55 transport and precipitation kinetics. 56 The formation of CaCO 3 from a saturated solution at near neutral pH can be represented: 
The protons formed in the reaction will react with the soil solid or other substrate and with 58 mobile bases in solution. The rate of the reaction in a zone in which the concentration of any of 59 the reactants in Eq. 1 is changing will therefore depend on:
60
(1) the kinetics of the precipitation reaction, as influenced by the reactant activities, the presence 61 of suitable nucleation sites, the concentrations of inhibitors, and other variables; and
62
(2) the rate of delivery of the reactants to the precipitation zone by diffusion or mass flow 63 through the soil or substrate pore network with simultaneous release from solid phases. 64 Predicting rates of precipitation therefore requires an understanding of both the precipitation 65 kinetics and the transport limitations. 
76
In this study we aimed to understand the above processes well enough to develop a predictive 77 mathematical model of them, which could be tested against independent experiments. In the 78 paper we explain the development of the model and we test it against measured reactant 79 concentration-distance profiles using independently-estimated model parameter values. We then 80 make a sensitivity analysis of the model, firstly for the planar geometry of the experimental 81 system used to test the model, and then in the cylindrical geometry appropriate for CaCO 3 82 precipitation near a plant root or a soil macro-pore containing base. The paper is mainly 83 concerned with soil systems but the model developed is also relevant to other biogeochemical 84 systems such as those listed above. 
Planar geometry
Consider the experimental system represented in Fig. 1 
Therefore, the continuity equation for changes in soil acidity is (after Nye, 1972) 121 for the geometry of the soil pore network and ion exclusion from narrow pores, and taken to be 126 the same for all simple ions in a given soil (Tinker and Nye, 2000) .
Note it is assumed that the equilibria in Eqs (2) and (3) are rapid compared with diffusion. 
In many soils, b HS is fairly constant over a wide pH range (Nye, 1972 
Combining Eq. (9) with Eq. (4) and rearranging gives
This is the working continuity equation for soil acidity with HCO 3 -as the working variable.
145
Alternatively, pH can be used as the working variable. We have.
It is conventional in soil science to refer to the soil pH buffer power, not capacity, because we are concerned with changes in concentration of soil acidity per unit pH change, i.e., the relation between two 'intensity' factors; whereas the buffer capacity of a solution is the change in amount of acid per unit pH change, i.e., the relation between a 'capacity' factor and an intensity factor. 
The term in the curly brackets in Eq. (13) is the soil acidity diffusion coefficient, D HS :
We use Eq. (14) later to discuss the pH-dependence of soil acidity diffusion. saturated, as it is in our experimental system in the region of the resin (Section 4.1), the degree of over-saturation is the main determinant of nucleation and crystal growth, and the following 173 empirical rate law often works well (Stumm and Morgan, 1996) :
where Ω is the saturation ratio (= 
In the model, Eqs (10), (15) and (16) 
Cylindrical geometry
196
For CaCO 3 precipitation around a plant root or a cylindrical soil macro-pore, we modify the 197 approach for the planar experimental system as follows.
We consider a constant pre-set flux of HCO 3 -across the root or macro-pore surface, so that we water contents and dry weights determined. This showed that the bulk density and water content 270 were constant with depth through the soil to within ± 2 %.
271
The crystalline form of CaCO 3 precipitated was assessed in replicate soil columns sectioned 272 and immediately analysed by environmental scanning electron microscopy (ESEM; FEI
273
QUANTA 600 using a water-vapour atmosphere) with qualitative energy-dispersive X-ray microanalysis (EDXA) to aid identification of phases observed under ESEM. and Cl -, respectively (Kirk, 2004) .
287
The chloride concentration-distance profiles are independent of the other profiles and CaCO 3 288 precipitation; they solely depend on the solution of Eq. (15) subject to the boundary conditions. Chloride. In Fig. 2A of CaCO 3 precipitated close to the resin after 1 day is < 5 mmol kg -1 (Fig. 2E) (Fig. 2F ). The precipitation after 1 day (Fig. 2E) The amount of CaCO 3 precipitated and the spread of the precipitation zone increase strongly 420 with the initial pH in the range pH 5 to 8 (Figs 3A and B) . However the pH at the resin-soil 421 boundary is not much influenced by the initial pH (Fig. 3C) larger pH increase, and therefore a greater rate of precipitation, depending on the initial pH. For initial pH = 5, a 10-fold decrease in b HS increases precipitation roughly 10-fold, whereas at pH 7 500 the increase is only five-fold. Figure 5A -C shows that b HS has relatively little influence on the pH 501 at the root or macro-pore surface for a given flux of base; its main influence is on the spread of 502 HCO 3 -and hence precipitation through the soil, due to its effect on the soil acidity diffusion 503 coefficient (Eq. 14). CaCO 3 saturation but it will also tend to disperse HCO 3 -away from the precipitation zone. Hence 515 an increase in P CO2 at initial pHs 5 and 6 decreases the pH required for saturation, as shown by 516 the smaller pH at r = a at high F B in Fig. 5D -E; but it also decreases the total amount of CaCO 3 517 precipitated because of the effect on HCO 3 -dispersion ( Fig. 4D-E) . However, at initial pH = 7 518 and high P CO2 , soil base diffusion is sufficiently fast that HCO 3 -spreads through the soil as far as precipitation, whereas a two-fold increase from 0.5 to 1 nmol dm -3 s -1 produced only a roughly 532 0.5-fold increase in precipitation. The effect of α on the pH at r = a (Fig. 5G-I 
